Brasser SM, Norman MB, Lemon CH. T1r3 taste receptor involvement in gustatory neural responses to ethanol and oral ethanol preference. Physiol Genomics 41: 232-243, 2010. First published February 9, 2010 doi:10.1152/physiolgenomics.00113.2009.-Elevated alcohol consumption is associated with enhanced preference for sweet substances across species and may be mediated by oral alcoholinduced activation of neurobiological substrates for sweet taste. Here, we directly examined the contribution of the T1r3 receptor protein, important for sweet taste detection in mammals, to ethanol intake and preference and the neural processing of ethanol taste by measuring behavioral and central neurophysiological responses to oral alcohol in T1r3 receptor-deficient mice and their C57BL/6J background strain. T1r3 knockout and wild-type mice were tested in behavioral preference assays for long-term voluntary intake of a broad concentration range of ethanol, sucrose, and quinine. For neurophysiological experiments, separate groups of mice of each genotype were anesthetized, and taste responses to ethanol and stimuli of different taste qualities were electrophysiologically recorded from gustatory neurons in the nucleus of the solitary tract. Mice lacking the T1r3 receptor were behaviorally indifferent to alcohol (i.e., ϳ50% preference values) at concentrations typically preferred by wild-type mice (5-15%). Central neural taste responses to ethanol in T1r3-deficient mice were significantly lower compared with C57BL/6J controls, a strain for which oral ethanol stimulation produced a concentration-dependent activation of sweet-responsive NTS gustatory neurons. An attenuated difference in ethanol preference between knockouts and controls at concentrations Ͼ15% indicated that other sensory and/or postingestive effects of ethanol compete with sweet taste input at high concentrations. As expected, T1r3 knockouts exhibited strongly suppressed behavioral and neural taste responses to sweeteners but did not differ from wild-type mice in responses to prototypic salt, acid, or bitter stimuli. These data implicate the T1r3 receptor in the sensory detection and transduction of ethanol taste. knockout mice; alcohol preference A STRONG ASSOCIATION EXISTS between the ingestion of alcohol and sweet-tasting solutions. Enhanced consumption of sweet solutions is one of the most consistent phenotypic predictors of alcohol intake common across alcohol-preferring rodent lines/ strains. Ethanol-preferring C57BL/6J mice (21, 44) and multiple independently selected lines of alcohol-preferring rats including P (ethanol-preferring; 56, 68), AA (Alko alcohol; 56), HAD (high alcohol drinking; 67, 71), and WHP (Warsaw high-preferring; 19) exhibit greater intake of both nutritive (sucrose) and nonnutritive (saccharin) sweeteners compared with their nonethanol-preferring counterparts [DBA/2J, NP (ethanol-nonpreferring), ANA (Alko nonalcohol), LAD (low alcohol drinking), and WLP (Warsaw low-preferring)]. Positive correlations between alcohol and sweetener intake have also been observed in randomly bred rats (32, 33), inbred and congenic mice (4, 7), and the F 2 progeny derived from crosses of alcohol-preferring and -nonpreferring lines/strains (2, 50, 65, 66, 67). Human studies measuring preference for sucrose across a range of concentrations have shown that alcoholics prefer more highly concentrated sucrose solutions than nonalcoholic control subjects (29, 30, 34) , and elevated sweet preference may be most clearly apparent in subtypes of alcoholism with a familial or genetic component (30, 72) .
knockout mice; alcohol preference A STRONG ASSOCIATION EXISTS between the ingestion of alcohol and sweet-tasting solutions. Enhanced consumption of sweet solutions is one of the most consistent phenotypic predictors of alcohol intake common across alcohol-preferring rodent lines/ strains. Ethanol-preferring C57BL/6J mice (21, 44) and multiple independently selected lines of alcohol-preferring rats including P (ethanol-preferring; 56, 68) , AA (Alko alcohol; 56), HAD (high alcohol drinking; 67, 71) , and WHP (Warsaw high-preferring; 19 ) exhibit greater intake of both nutritive (sucrose) and nonnutritive (saccharin) sweeteners compared with their nonethanol-preferring counterparts [DBA/2J, NP (ethanol-nonpreferring), ANA (Alko nonalcohol), LAD (low alcohol drinking), and WLP (Warsaw low-preferring)]. Positive correlations between alcohol and sweetener intake have also been observed in randomly bred rats (32, 33) , inbred and congenic mice (4, 7) , and the F 2 progeny derived from crosses of alcohol-preferring and -nonpreferring lines/strains (2, 50, 65, 66, 67) . Human studies measuring preference for sucrose across a range of concentrations have shown that alcoholics prefer more highly concentrated sucrose solutions than nonalcoholic control subjects (29, 30, 34) , and elevated sweet preference may be most clearly apparent in subtypes of alcoholism with a familial or genetic component (30, 72) .
Although the mechanisms underlying covariation in alcohol and sweet intake are unknown, evidence from multiple species has indicated that alcohol possesses an appetitive sweet taste component. Conditioned taste aversions generalize between ethanol and sucrose in C57BL/6J mice (6, 7) and ethanol and sucrose mixtures in randomly bred rats (17, 37) . Ethanol also elicits sweet taste sensations in humans (54, 70) , and highly significant correlations exist between ratings of the sweetness of certain sucrose concentrations and ethanol taste intensity (54) . Electrophysiological recordings from peripheral gustatory nerves in primates indicate that orally applied ethanol preferentially stimulates taste nerve fibers that respond most strongly to sweets relative to other kinds of tastants (26) . More recently, it has been demonstrated in heterogeneous rats that oral alcohol stimulation directly activates central sweet-responsive gustatory neurons in the nucleus of the solitary tract (NTS) and that this effect is inhibited by peripheral pharmacological antagonism of sweet taste receptors (39) . These findings indicate overlap in the gustatory receptor and central neural circuits that process alcohol and sweet taste. These sweet-responsive gustatory circuits are coupled downstream to limbic forebrain areas involved in regulating ingestive motivation and reinforcement (23, 24, 49) , where ethanol taste input likely interacts in a complex manner with other sensory and postabsorptive influences of the drug to determine behavioral intake.
Taste transduction for a variety of sweet stimuli depends upon the presence of the T1r3 receptor protein, which combines with a related protein in the T1r family of receptors (T1r2) to form a functional sweet taste receptor (45, 47, 48) . Mice with genetic deletion of the T1r3 receptor show large reductions in preference for sucrose and several artificial sweeteners (12, 74) , although they do maintain some ability to perceptually detect and discriminate sucrose (16) . Allelic variation in the Tas1r3 gene, encoding for the T1r3 protein, is also associated with differential sweet preference in mice (28, 52) . This genetic locus (formerly Sac) encoding for the T1r3 taste receptor protein overlaps with a locus that strongly influences ethanol intake (Ap3q; 1). Here, we directly investigated the contribution of the T1r3 taste receptor to oral ethanol intake and preference and the processing of ethanol taste in NTS gustatory neurons by measuring behavioral and electrophysiological responses to oral ethanol in genetically manipulated mice lacking the T1r3 receptor protein and their C57BL/6J background strain.
EXPERIMENT 1: LONG-TERM INTAKE AND PREFERENCE

Materials and Methods
Animals. Twenty-four naive adult male and female T1r3 knockout (KO) and age-matched C57BL/6J wild-type (WT) control mice (n ϭ 12/genotype; n ϭ 6/sex/genotype) were used. WT mice were originally obtained from The Jackson Laboratory (Bar Harbor, ME) and T1r3 homozygous KO (Ϫ/Ϫ) mice from Mount Sinai School of Medicine. KO mice were generated by Damak and colleagues (12) by targeting of the T1r3 coding region in C57BL/6 embryonic stem cells and subsequent crossing to a C57BL/6J genetic background (12) . All animals were reared at the University of Tennessee Health Science Center in a vivarium that maintained a 12-h light/dark cycle and an ambient temperature of ϳ23°C. Food and water were available ad libitum. During the course of experimental procedures, animals were housed individually in standard shoebox cages (29.5 ϫ 18.5 ϫ 13 cm). Mean body weights at the start of the experiment were 24.08 g (Ϯ 1.66 SE) and 24.71 g (Ϯ 0.85 SE) for KO and WT mice, respectively. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Tennessee Health Science Center and were in accordance with National Institute of Health guidelines.
Intake tests. Throughout the experiment, mice were provided continuous access to two 25 ml graduated drinking tubes in their home cages from which fluid intake volumes were measured to the nearest 0.1 ml and fluids replaced every 24 h. Food was available ad libitum at all times during the experiment. Mice were initially acclimated to individual housing conditions for 7 days prior to stimulus testing during which both tubes contained deionized water only and baseline levels of water intake were monitored. Following the acclimation period, mice were tested sequentially with an ascending concentration series of ethanol (3, 5, 10, 15, 25 , and 40% vol/vol), sucrose (0.01, 0.03, 0.06, 0.1, 0.3, and 1 M), and quinine (0.003, 0.01, 0.03, 0.1, 0.3, and 1 mM) in a two-bottle choice procedure vs. deionized water. Each solution concentration was presented for a period of 4 days, previously shown to be an optimal test duration to differentiate stimulus preference across strains (69) . The position of tastant and water bottles was rotated every 24 h to control for position preferences. A 1-wk break was interposed between testing of different tastants during which mice had access to deionized water only in both tubes. Body weights were measured on day 1 of the acclimation phase and at the start and end of each 4-day solution test period.
Stimuli. Solutions were prepared fresh prior to testing using reagent grade chemicals (sucrose, quinine HCl-Sigma-Aldrich, St. Louis, MO; ethanol 95% stock-Pharmco Products, Brookfield, CT). All stimuli were dissolved in deionized water and were presented at room temperature. Ethanol, sucrose, and quinine HCl concentrations were selected to encompass a full behavioral orosensory response range based upon previous work (8, 20, 61, 63) .
Data analysis. For each mouse, average baseline daily water intake was calculated across all 7 days of the initial acclimation phase. Average 24-h fluid intake volumes for a given stimulus solution and for water were calculated across the 4 days of testing at that stimulus concentration. Fluid intake measures were corrected for individual differences in body size by dividing each subject's mean absolute intake volume of a given solution (ml) by that subject's average body weight (kg) determined from body weight measures taken immediately before and after testing of that solution. Relative preference for each stimulus concentration was calculated for each subject by dividing the mean absolute daily volume of stimulus consumed by the mean total daily volume of fluid (stimulus ϩ water) consumed, and multiplying by 100. A preference score of 50% reflects equal volumes of water and stimulus consumed, with preference scores approaching 100% indicating increasingly higher intake of a stimulus relative to water, and scores approaching 0% indicating progressively lower stimulus intake relative to water.
To analyze for differences in baseline water intake prior to stimulus testing, a 2 (genotype) ϫ 2 (sex) factorial analysis of variance (ANOVA) was conducted on the average daily ml/kg intake of water during the 7-day period of water acclimation. For each stimulus, mean daily ml/kg stimulus intake and preference score data as well as mean daily ml/kg total fluid intake were analyzed using 2 (genotype) ϫ 2 (sex) ϫ 6 (concentration) mixed ANOVAs, with genotype and sex as between-subject factors and concentration as a within-subject factor. Significant interactions from the overall ANOVAs were further analyzed using one-way ANOVAs to test for simple effects followed by Newman-Keuls test where appropriate. Alpha level for all statistical tests was 0.05. Fig. 2A ). KOs consumed significantly less sucrose than controls from 0.03-0. Voluntary intake (ml/kg/day) and percent preference for sucrose in a 2-bottle choice assay. A: mean Ϯ SE sucrose intake as a function of concentration in T1r3 KO and C57BL/6J WT mice; n ϭ 12/genotype. B: mean Ϯ SE sucrose intake by concentration in male and female mice; n ϭ 12/sex. C: mean Ϯ SE sucrose preference at each concentration in KO and WT mice; n ϭ 12/ genotype. D: mean ϩ SE sucrose preference in KO and WT males and females collapsed across concentration; n ϭ 6/sex/genotype. *Significant difference between KO and WT or male and female (P Ͻ 0.05). Quinine intake and preference. T1r3 KO mice consumed more quinine than WT mice at the three lowest quinine concentrations (0.003-0.03 mM; main effect of genotype: F 1, 20 ϭ 9.55, P Ͻ 0.01; main effect of concentration: F 5, 100 ϭ 114.84, P Ͻ 0.001; genotype ϫ concentration interaction: The greater quinine consumption observed in KOs relative to controls and in females compared with males at low concentrations was driven primarily by elevated quinine intake in KO females (genotype ϫ sex interaction: F 1, 20 ϭ 4.70, P Ͻ 0.05). Simple effects analysis on the genotype ϫ sex interaction indicated higher quinine intake in KO females compared with KO males (simple effect of sex: F 1, 10 ϭ 6.60, P Ͻ 0.05), while quinine consumption between male and female WT mice did not differ (F 1, 10 ϭ 1.56, P ϭ 0.24; Fig. 3D) .
RESULTS
Baseline
No difference existed in quinine preference between T1r3 KO and WT mice (NS effect of genotype: F 1, 20 ϭ 0.84, P ϭ Fig. 3 . Voluntary intake (ml/kg/day) and percent preference for quinine in a 2-bottle choice assay. A: mean Ϯ SE quinine intake as a function of concentration in T1r3 KO and C57BL/6J WT mice; n ϭ 12/genotype. B: mean Ϯ SE quinine intake by concentration in male and female mice; n ϭ 12/sex. C: mean Ϯ SE quinine preference at each concentration in KO and WT mice; n ϭ 12/genotype. D: mean ϩ SE quinine intake in KO and WT males and females collapsed across concentration. n ϭ 6/sex/genotype. *Significant difference between KO and WT or male and female (P Ͻ 0.05). Fig. 3C ). Preference at the two lowest (0.003 and 0.01 mM) and highest (0.3 and 1 mM) quinine concentrations did not significantly differ (Ps Ͼ 0.06). There was no effect of sex (F 1, 20 ϭ 0.08, P ϭ 0.78) or interaction of sex with other factors (Fs Ͻ 2.95, Ps Ͼ 0.10) for quinine preference.
T1r3 RECEPTORS AND ORAL ETHANOL RESPONSES
EXPERIMENT 2: RESPONSES OF CENTRAL GUSTATORY NEURONS
Materials and Methods
Animals. Naive adult male and female T1r3 KO and WT mice like those described in experiment 1 were used for the electrophysiological recording experiments. Twenty-six cells were sampled from 12 WT mice (7 males, 5 females) and 28 cells were recorded from 16 KO mice (11 males, 5 females). The numbers of neurons sampled by genotype and sex were: WT male: 15; WT female: 11; KO male: 17; KO female: 11. All neurons were used in a prior study that first described their taste response properties (41) . The present experiment describes previously unreported sensitivities of these cells to oral application of ethanol. A portion of the previous taste sensitivity data from these neurons is shown here to characterize their response properties to ethanol relative to different taste stimuli. Performing concurrent experiments on these cells served to expedite completion of the research and reduce the number of mice used.
Single-unit electrophysiology. Single-unit data were acquired from mouse NTS neurons using conventional extracellular electrophysiological recording techniques described previously in detail (39, 40, 41, 42) . The preparation and technique are briefly outlined here. Mice were anesthetized using urethane (1 g/kg ip) followed by pentobarbital (0.05 g/kg ip). If necessary, urethane supplements (ϳ0.15 g/kg each ip) were administered during an experiment to maintain anesthesia. Each mouse was tracheotomized, which allowed for normal breathing during solution flow into the mouth, and situated in a nontraumatic head holder. A portion of the occipital bone and parts of the cerebellum were removed to expose the dorsal surface of the brain stem. This procedure allowed for vertical access to the rostral, gustatory zone of NTS, the first synapse in the brain for taste information processing. The region of NTS that harbored gustatory-responsive neurons was identified by a change in neural activity associated with oral application of various taste stimuli. Spikes generated by a single taste neuron were isolated using a waveform template-matching algorithm (Spike 2/Power 1401 acquisition system; CED, Cambridge, UK).
Taste stimuli. Twenty taste chemicals and a concentration series of ethanol (Table 1) were used for testing. Stimuli were individually applied to the mouth using a funnel/gravity flow system. This device bathed the palate and much of the tongue including the anterior portion innervated by the VII th nerve, which is believed to mediate perceptual taste discrimination in rodents (60, 64) . Taste stimuli included sodium salts, acids (sour), bitter tastants, and an array of sweet-tasting stimuli. Stimulus concentrations were chosen based on those known to evoke effective integrated responses in peripheral taste nerves in WT mice (13, 22, 27, 28) . Tastants were reagent grade (Sigma, St. Louis, MO; Fisher, Pittsburgh, PA; ethanol 95%, Pharmco, Brookfield, CT), dissolved in deionized water and presented at room temperature.
Neurons were initially tested with a standard set of sweet, salty, acidic, and bitter stimuli (Table 1) , presented in random order. Cells were subsequently presented with a randomized block of sweet stimuli, an ascending concentration series of ethanol and additional salt, acid and bitter tastants, randomly ordered. Stimulus trials were structured using a water ¡ stimulus ¡ water protocol. Deionized water was initially flowed over the oral epithelium to adapt neurons to any tactile features of oral stimulation. The solution was then switched to a taste stimulus 6 s into a trial by a computer-controlled solenoid valve. The stimulus was delivered for 6 s, after which solution flow returned to deionized water. One to two minutes were allowed to elapse between trials, which provided sufficient time for neurons to return to baseline levels of spontaneous firing.
Data analysis. On each trial taste responses were quantified as the net number of action potentials evoked by a stimulus, defined as the number of spikes arising during the 6 s stimulus presentation minus the number of spikes that occurred during the 6 s period prior to stimulus onset. Taste responses were considered significant relative to baseline if the mean firing rate within a 500 ms sliding window of stimulus-evoked activity was greater than the mean prestimulus firing rate by 1.96 standard deviations (41) . Where applicable, response data were analyzed using ANOVA. Significant interactions from the overall ANOVAs were further evaluated using one-way analyses to test for simple effects. The alpha level for all statistical tests was 0.05. For those stimuli tested more than once on a single neuron, net responses were averaged prior to analyses. A 2 (genotype) ϫ 2 (sex) ϫ 5 (stimulus) mixed ANOVA and a 2 (genotype) ϫ 2 (sex) ϫ 6 (concentration) mixed ANOVA were initially performed on taste responses to the standard stimuli (Table 1 ; sweet, salty, acid and bitter tastants) and to ethanol, respectively, to assess if sex influenced taste responses to these stimuli. Sex did not influence neural taste sensitivity to the standard stimuli (NS effect of sex: F 1, 50 ϭ 0.75, P ϭ 0.39; NS sex ϫ genotype interaction: F1, 50 ϭ 0.08, P ϭ 0.78; NS sex ϫ stimulus interaction: F4, 200 ϭ 0.84, P ϭ 0.50; NS sex ϫ genotype ϫ stimulus interaction: F4, 200 ϭ 0.28, P ϭ 0.89) or to ethanol (NS effect of sex: F1, 50 ϭ 3.04, P ϭ 0.09; NS sex ϫ genotype interaction: F1, 50 ϭ 1.13, P ϭ 0.30; NS sex ϫ concentration interaction: F5, 250 ϭ 1.05, P ϭ 0.40; NS sex ϫ genotype ϫ concentration interaction: F5, 250 ϭ 1.17, P ϭ 0.30) and therefore was not included as a factor in subsequent analyses.
For WT and KO neurons, relationships among activity to ethanol and tastants were explored using correlations (Pearson's r) computed between across-neuron responses to different stimuli. An acrossneuron response represents the pattern of activity evoked by a stim- 
RESULTS
Response properties of NTS gustatory neurons.
The breadth of responsiveness of each WT and KO NTS neuron was indexed by determining the number of prototype stimuli [(in M) 0.5 sucrose (sweet), 0.1 NaCl (salt), 0.01 HCl (acid) and 0.01 quinine (bitter)] that elicited a significant taste response. For WT cells, 1 cell (4%) responded to only 1 stimulus, 3 cells (12%) responded to 2 stimuli, 15 cells (58%) responded to 3 stimuli, and 7 cells (27%) responded to all 4 of the prototypes. Among KO neurons, 6 cells (21%) responded to 1 prototype, 4 cells (14%) responded to 2, 15 cells (54%) responded to 3, and 2 cells (7%) responded to all 4 prototypes. Although some cells from both genotypes displayed selectivity, the majority of neurons sampled were multisensitive: responding to stimuli of different taste qualities. Multisensitivity is a feature common to gustatory neurons in rodent NTS (62) . The stimulus-response characteristics of a sample WT neuron are shown in Fig. 4 . The relative sensitivities of all WT and KO neurons to (in M) 0.5 sucrose, 0.1 NaCl, 0.01 HCl, and 0.01 quinine are shown in Supplemental Fig. S1 . 1 Central gustatory responses to ethanol and standard taste stimuli. C57BL/6J WT mice consume larger amounts of sweet tasting substances and ethanol relative to other mouse strains (9, 21, 73) . To determine in this strain the relationship between gustatory neural sensitivity to sweet stimuli and ethanol, WT neurons were classified as either significantly responsive to sucrose (S 1 , n ϭ 15) or nonresponsive to sucrose (S 0 , n ϭ 11) and taste responses to ethanol were compared between these neuron groups. Oral application of ethanol produced a concentration-dependent increase in the firing of WT NTS taste neurons (main effect of concentration: F 5, 120 ϭ 10.28, P Ͻ 0.0001). A significant interaction between sucrose responsiveness and ethanol concentration was found for WT cells (F 5, 120 ϭ 5.65, P ϭ 0.0001, Fig. 5A ). Analysis of simple effects revealed that taste responses to 25 and 40% ethanol were significantly larger in S 1 neurons relative to S 0 cells (Fs 1, 24 Ն 4.59, Ps ϭ 0.04). Thus, in WT mice NTS taste neurons that significantly respond to sucrose are more strongly activated by high concentrations of ethanol than those cells unresponsive to sucrose. S 1 and S 0 cells also responded differentially to the standard taste stimuli (sucrose responsiveness ϫ stimulus interaction: In experiment 1, T1r3 KO mice displayed significantly reduced ethanol intake and preference relative to WT controls (Fig. 1) . To determine if the reduced behavioral preference for 1 The online version of this article contains supplemental material. ethanol in T1r3 KO mice is accompanied by a reduction in the central neural processing of ethanol taste, we compared taste responses to ethanol and to the standard taste stimuli in NTS neurons sampled from KO and WT mice. A significant genotype ϫ ethanol concentration interaction was observed (F 5, 260 ϭ 2.69, P ϭ 0.02). Taste responses to 10, 25, and 40% ethanol were suppressed in KO neurons relative to WT cells (simple effects of genotype, Fs 1, 52 Ն 4.87, Ps Յ 0.03, Fig. 6A) . A simple effect of ethanol concentration on neural activity was observed for WT neurons (F 5, 125 ϭ 10.76, P Ͻ 0.001). The mean NTS response in WT cells to 25% ethanol was significantly greater than responses to 3, 5, 10, and 15% and the mean response to 40% ethanol was greater than responses to all lower concentrations (Newman-Keuls test, Ps Ͻ 0.04). NTS responses in WT cells to 3, 5, 10, and 15% ethanol did not differ from one another (Ps Ͼ 0.05). A simple effect of ethanol concentration on neural activity was also found for KO neurons (F 5, 135 ϭ 2.94, P ϭ 0.01). NTS responses in KO cells to 40% ethanol were greater than those to 5 and 10% ethanol (Newman-Keuls test, Ps Ͻ 0.02). In KO neurons, responses to ethanol were significantly elevated from baseline activity on a small proportion of trials (Fig. 6B) , with the highest frequency observed for 40% ethanol, which activated five of 28 KO neurons sampled (17.9%). Thus, ethanol produced some degree of activity in KO cells, particularly at the highest concentration tested. Compared with WT cells, however, there was a striking reduction in the proportion of trials for KO neurons where a significant taste response to ethanol was detected (Fig. 6B) .
Genotype influenced NTS neural sensitivity to the standard stimuli (genotype ϫ stimulus interaction: Across-neuron correlations between responses to ethanol and taste stimuli. To examine the relationship between acrossneuron responses to ethanol and other taste stimuli, we assessed correlations between responses to 40% ethanol, the concentration evoking the most salient activity in NTS, and responses to the standard stimuli (Table 1 ) across all WT and KO neurons. In WT neurons, across-neuron responses to ethanol positively correlated (P Ͻ 0.05) with those evoked by (in M) 1 glycine (r ϭ ϩ0.43) and 0.5 sucrose (r ϭ ϩ0.52) but showed no significant correlation (P Ͼ 0.05) with activity to 0.1 NaCl, 0.01 HCl, and 0.01 quinine (Fig. 7) . Taste responses to ethanol in KO neurons showed no significant correlation with activity to any standard taste stimulus. Thus, among the standard stimuli, NTS taste activity to ethanol in WT mice selectively correlated with responses to sweet stimuli.
A subset of WT (n ϭ 24) and KO (n ϭ 19) neurons were isolated long enough to allow for testing with all stimuli in Table  1 . For these cells, correlations were computed within genotype among responses to each of the 6 concentrations of ethanol and all 20 taste stimuli ( Table 2) . In WT neurons, across-neuron responses to 25 and 40% ethanol, concentrations that evoked robust ethanol responses, positively correlated (P Ͻ 0.05) with activity evoked by several sweet stimuli (sucrose, fructose, glucose, glycine, sorbitol, and acesulfame-K) but showed no significant correlation (P Ͼ 0.05) with activity to any nonsweet tastant. Positive correlations were also observed between WT responses to 3% ethanol and certain Na ϩ stimuli. Such correlations, however, could potentially be spurious given that 3% ethanol consistently produced only very weak activity in NTS neurons (Figs. 4, 6 ) and correlations between WT activity to increasing concentrations of ethanol and Na ϩ stimuli did not systematically increase (Table 2) . In KO neurons, responses to 25 and 40% ethanol showed no significant correlation (P Ͼ 0.05) with the response to any taste stimulus.
DISCUSSION
The present results demonstrate that the T1r3 taste receptor protein is mechanistically involved in oral ethanol intake and preference and the neurophysiological processing of ethanol taste in C57BL/6J mice. In long-term voluntary intake tests, mice lacking the T1r3 receptor exhibited indifference to alcohol at concentrations preferred by wild-type mice (5-15%). Furthermore, taste responses to ethanol recorded from NTS neurons in T1r3 KO mice were significantly reduced compared with C57BL/6J control mice, a strain for which oral ethanol stimulation produced a concentration-dependent activation of sweet-responsive NTS gustatory neurons and a pattern of activity in NTS taste circuits that correlated positively with that evoked by sweet stimuli. The T1r3 receptor subunit is known to be critically involved in taste detection and preference for several natural and artificial sweeteners, including sucrose, saccharin, sucralose, acesulfame K, SC45647, and others (12, 45, 47, 48, 74) . The present data strongly suggest that the T1r3 receptor is also involved in the sensory transduction of ethanol taste and that ethanol's interaction with T1r3 may result in stimulation of appetitive gustatory circuitry that contributes to preference and intake of the drug in C57BL/6J mice.
Consistent with previous findings in heterogeneous rats (39) , alcohol stimulation of the tongue and palate of C57BL/6J WT mice produced the most potent activation of sweet-responsive NTS gustatory neurons at high concentrations (25 and 40%) and neural taste responses to ethanol at these concentrations more robustly and significantly correlated with those to sucrose and other sweeteners than did taste responses at lower ethanol concentrations. This concentration-dependent increase in activation of sweet taste circuits by ethanol differs to some degree from the behavioral preference functions for ethanol in C57BL/6J mice in two-bottle choice procedures observed here and in other studies (3), where this strain displays an inverted U-shape function in ethanol preference, with peak preference at 10% and then a gradual decline in preference with rising ethanol concentration. Differences in the behavioral and physiological concentration-response functions are informative given that gustatory neural recordings more specifically isolate taste responses induced by ethanol, while preference patterns for ethanol in the two-bottle choice assay reflect the combined influence of gustatory, olfactory, somatosensory (i.e., trigeminal), and postabsorptive ethanol effects. Collectively, the present data indicate that the attenuated difference in ethanol preference between T1r3 KO and WT mice as ethanol concentration increased Ͼ15% was not due to a reduction in ethanolinduced sweet taste input in WT mice at higher concentrations but, rather, an increase in other sensory and/or postingestive influences resulting in a decline in overall ethanol preference at these concentrations. It has been demonstrated previously in heterogeneous rats that oral ethanol evoked activation of central trigeminal pathways increases at concentrations Ͼ15% (10), as does ethanol's burning and irritant sensations in humans (18, 70) , which may serve to modulate ethanol's sweet taste properties at high concentrations. An aversive oral somatosensory component of ethanol and/or increased intoxicating effects at higher concentrations may therefore compete with sweet taste input, resulting in reduced differences in alcohol preference between T1r3 KO and WT mice that is not reflected in measurement of gustatory neural responses alone. That T1r3 receptor-mediated input is critical for behavioral ethanol preference in C57BL/6J mice at concentrations of 5-15% concurs with recent data of reduced ethanol preference in three mutant mouse strains lacking genes involved in sweet Fig. 7 . Across-neuron patterns of response to 40% ethanol and sweet (glycine, sucrose), salty (NaCl), acidic (HCl), and bitter (quinine) stimuli measured across NTS neurons (n ϭ 26) recorded from C57BL/6J WT mice and NTS cells (n ϭ 28) sampled from T1r3 KO mice. The Pearson coefficient of correlation (r) calculated between the response pattern to ethanol and each stimulus is given. P Ͻ 0.05 indicates that a correlation was significant. taste transduction (5) . The number of significant neural taste responses evoked by ethanol at these and higher concentrations was also substantially reduced in T1r3 KO compared with WT mice (Fig. 6B) . The present findings of suppressed NTS gustatory responses to ethanol in T1r3-deficient mice suggest that the absence of this receptor may inhibit the initial sensory transduction of ethanol taste and subsequent relaying of an appetitive ethanol taste message to the central nervous system. NTS gustatory neurons receive ascending sensory input from afferent nerves and also descending centrifugal input from higher nuclei. In rats, taste responses in NTS neurons survive decerebration procedures where centrifugal input to the brain stem is removed (25) , reflecting the prominent ascending oral sensory component to NTS gustatory activity. However, centrifugal inputs are known to modulate taste responses in NTS neurons. The central structures documented to influence processing in gustatory NTS include forebrain nuclei involved in affective responding and ingestive behaviors (11, 43) . Although initiated by sensory input, taste responses measured from the NTS therefore represent network interactions between this nucleus and other central nuclei and not solely pure sensory messages from afferent nerves (59) . Ascending and descending inputs likely contribute to NTS responses to orally applied ethanol, although the relative contribution of these inputs is not precisely known. Nevertheless, the present data suggest that ethanol and sucrose share attributes that are encoded by taste-responsive NTS neurons and that input from the T1r3 taste receptor partially mediates this overlap.
The maintenance of residual activity to ethanol in some KO cells indicates that mechanisms other than T1r3 may also contribute to ethanol taste activity in NTS neurons. Prior behavioral data have indicated that in addition to its sweet taste properties, ethanol may also possess a bitter gustatory component, as conditioned taste aversions to alcohol cross-generalize to mixtures of sucrose and quinine in rats (36, 37) and to either tastant alone in C57BL/6J mice (6) . Nevertheless, the present study in C57BL/6J mice and other reports to date that have measured neurophysiological responses to ethanol and various tastants in gustatory circuits of outbred rats (39, 42) and nonhuman primates (26) have not found a relationship between neural taste responses elicited by ethanol and bitter stimuli. In both the chorda tympani and glossopharyngeal nerves of primates (innervating the anterior and posterior tongue, respectively), ethanol in mixtures with quinine has rather been shown to suppress bitter taste responses, consistent with the properties of a sweetener (14, 26) . Given that cells sampled from T1r3 KOs did not display a significant correlation between responses to any bitter stimulus tested and that to 40% ethanol, the concentration at which residual ethanol-evoked activity was most pronounced, the source of the remaining activity to ethanol in a proportion of knockout cells remains to be determined.
As expected, sucrose consumption and preference were markedly reduced in T1r3 KOs compared with WT control mice, as were central neurophysiological taste responses to sucrose and other sweeteners. T1r3 receptor-deficient mice nevertheless maintained substantial preference for sucrose at concentrations of 0.3 M and above, with both KO and WT mice exhibiting near maximal preference for sucrose at the highest concentration tested (1 M). These data are consistent with those of Damak et al. (12) , who found levels of sucrose preference in T1r3 null mice to begin to approach those of (15) . T1r3 null mice may also retain some capacity to detect sucrose via other sensory receptors, as T1r3 knockouts have been shown to exhibit normal sucrose detection thresholds and only a partially diminished ability to discriminate sucrose in sensory discrimination tests (16) . In contrast to strongly suppressed sweet responses, NTS cells from T1r3 KO and WT mice in the current study did not differ in responsiveness to prototypic salt, acid, and bitter stimuli, nor did T1r3 KO and control mice differ in behavioral preference for quinine. Although KOs consumed more quinine than WT mice at low concentrations (0.003-0.03 mM), this effect appeared to be a product of greater overall fluid intake among knockouts during quinine testing, as correction for variation in total fluid intake with the preference ratio measure resulted in comparable quinine preference scores for each genotype. In addition to genotype differences in ethanol and sweetener responses, significant sex effects in alcohol preference were observed in the behavioral intake tests, with females displaying elevated preference relative to males at the highest ethanol concentrations (15-40%). These findings are consistent with other reports of greater alcohol consumption and preference in female than in male C57BL/6 mice (46) and rats (38, 53) , particularly at high concentrations. An absence of sex differences in alcoholelicited NTS taste responses in the current study suggests that the enhanced alcohol preference exhibited by female C57BL/6J mice may be mediated by sex differences in the drug's postabsorptive consequences vs. its immediate gustatory processing. Such factors may include metabolic differences resulting in reduced acetaldehyde accumulation in females compared with males (51) . Female mice also displayed modestly higher overall sucrose preference than did male mice; however, this effect was observed only among T1r3 KOs and thus may be mediated by mechanisms other than those producing sex differences in alcohol preference. While KO females in the present study also consumed more quinine overall per unit body weight than males, adjustment for variation in total fluid intake yielded no sex differences in quinine preference. Furthermore, no differences in the magnitude of gustatory neural activity evoked by standard concentrations of sucrose, glycine, quinine, NaCl, or HCl were found between males and females of either genotype, indicating no obvious influence of sex on basic taste responses in C57BL/6J mice at the level of the NTS.
Implications
The present findings that the T1r3 taste receptor protein is directly involved in oral ethanol intake and preference in C57BL/6J mice are in agreement with prior genetic mapping data that the Sac/Tas1r3 locus (encoding for the T1r3 protein) corresponds to a genetic locus that strongly influences 10% ethanol intake in F 2 hybrids from the B6 ϫ 129 strains (Ap3q; 1). While a direct role for sweet taste substrates in alcohol consumption in other species remains to be determined, previous data in outbred rats has shown that pharmacological antagonism of oral sweet receptors significantly inhibits the ability of oral alcohol to activate central sweet-responsive gustatory pathways (39) . Furthermore, several independently derived lines of genetically ethanolpreferring rats, including those used as animal models of alcoholism, are known to display elevated sweetener intake (19, 56, 67, 68, 71) and elevated sweet preference may also serve as a phenotypic marker of genetic risk for alcoholism in humans (31, 35) .
There is known allelic variation in the Tas1r3 taste receptor gene that is associated with differential sweetener preference in mice. Tas1r3 polymorphisms correlate with saccharin preference across multiple inbred mouse strains (52) and impact behavioral and neural taste responses to several sweeteners in B6 ϫ 129 F 2 hybrids (28) and 129.B6-Tas1r3 congenic mice (27) . The present data predict that genetic variation in Tas1r3 may also be associated with individual and/or strain differences in ethanol preference, by influencing detection of an appetitive ethanol taste signal mediated via the T1r3 receptor at early stages of gustatory processing. Variation in oral ethanol processing at the taste receptor level would be expected to have downstream consequences in central reinforcement pathways previously shown to be activated by sweet taste inputs. For example, oral sucrose stimulation results in an immediate concentrationdependent increase in dopamine release in the nucleus accumbens (24) , which is attenuated by selective damage to limbic, but not thalamocortical, taste projections (23, 49) .
In summary, these findings support overlap in the gustatory receptor mechanisms responsible for processing alcohol and sweet taste. Specifically, the T1r3 taste receptor, important for mammalian sweet taste transduction, is essential for the expression of oral ethanol preference in C57BL/6J mice, and suppression of neural taste responses to ethanol in mice lacking this receptor suggests that the T1r3 receptor contributes to the initial sensory detection and transduction of ethanol taste. These data warrant further examination of the importance of gustatory substrates and associated ingestive circuits linked to this sensory system in alcohol consumption.
